The degradation of sheets of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (BIOPOL ®) by aerobic sewage sludge was analyzed. Degradation of the polymer was highly dependent on the pH of the culture medium and was maximal between pH 7 and pH 8.5. Below pH 6 and above pH 9 the degradation rate was very low. Agitation of the culture fluid had relatively little influence on the rates of degradation. 1.2/105 aerobic polymer-degrading bacteria per ml sewage sludge were identified by halo formation on solid poly(3-hydroxybutyrate) (PHB)-containing media. The number of PHB-degrading bacteria in other ecosystems amounted to 3.8 × 103 per ml sludge of a fresh-water lake, 9.2 x 105 per g garden-soil, 1.3 x 106 per g field-soil and 4.3 x 106 per g compost.
Introduction
Poly[(R)-3-hydroxyalkanoates] (PHA), are bacterial storage polyesters currently receiving much attention due to their synthesis from renewable resources and their applicability as biodegradable and biocompatible plastics [1, 2] . The best known PHA are poly(3-hydroxybutyrate) (PHB) and its copolymers with 3-hydroxyvalerate which are commercially available under the trade name BIOPOL ®. The degradation of PHA has been studied in some detail: PHA-degrading bacteria secrete specific PHA depolymerases which hydro-lyze the polymer to water-soluble monomers or oligomeric esters. The hydrolysis products are taken up by the cells and metabolized [3] [4] [5] . The depolymerases from various PHA-degrading bacteria have been isolated [5] [6] [7] [8] [9] [10] [11] , and some of the corresponding PHA depolymerase genes have already been cloned and analyzed [12] [13] [14] . However, ecological studies on PHA degradation are rare. Only recently, degradation of PHB in soil was analyzed [15] . The present study aimed at the analysis of PHB degradation by aerobic sewage sludge. This ecosystem was chosen because exposure of bottles consisting of BIOPOL ® in aerobic sewage sludge resulted in a fast and complete degradation within three months (unpublished results).
108

Materials and Methods
Culture conditions
Degradation experiments were performed in 100 ml Erlenmeyer flasks filled with 20 ml medium at different pH values. The pH was varied in a range from 5.0 to 10.0 with 0.5 intervals. If the pH was above 7.5 50 mM Tris was added. Bottles consisting of BIOPOL ® were cut into pieces of about 1.4 × 1.4 x 0.1 cm (4.5 cm z surface). The weight of each polymer sheet (average 250 mg; 803 samples in total) was determined. The samples were dipped in 70% (v/v) ethanol, dried, and three polymer pieces were added per one flask. The flasks (double probes) were inoculated with 0.2, 0.1, 0.02 or 0.01 volumes of fresh aerobic sewage sludge (pH 7.4) and were incubated at 30°C for 12 weeks. One series was continuously shaken, a second series was shaken once a day for 1 min, and a third series was not agitated. Flasks without inoculum served as controls. The pH values of every flask were determined at two weeks intervals. If necessary sterile water was added to replace evaporated fluid. After 4 weeks, 8 weeks and 12 weeks one polymer piece was taken from each flask: the polymer was cleaned by washing in ethanol, dried overnight in vacuo, and the remaining weight was determined.
Media
Mineral medium [16] and nutrient broth (NB), 0.8% (w/v) were used. For solid media 1.5% (w/v) agar were added. PHB-containing media were prepared as described previously [5] .
Polymers
Flasks consisting of BIOPOL ® (85 mol% 3-hydroxybutyrate, 15 mol% 3-hydroxyvalerate and additives of unknown composition) were a gift from company Grimm and Triepel, Witzenhausen, FRG. PHB homopolyester was isolated from Alcaligenes eutrophus by the sodium hypochlorite procedure as described previously [5] .
Determination of the frequency of PHB-degrading bacteria
Samples were collected from various soils of the surrounding of the institute and from aerobic sewage sludge of the municipal sewage plant and were suspended in 0.9% NaCI (w/v). 0.1 ml of appropiate dilutions were spread over solid i) NB agar and ii) PHB agar, and were incubated at 30°C for two and four days, respectively. The frequency of PHB-degrading bacteria was calculated from the quotient of the number of haloforming colonies on PHB agar and the number of NB-degrading colonies.
Results and Discussion
The observation that bottles consisting of BIO-POL ® were quickly degraded by aerobic sewage sludge but were not, or only very slowly, hydrolyzed in different soils, sludge from a lake or fresh-water as inoculum, prompted us to study the reasons for the high degradation capacity of aerobic sewage sludge in some detail.
The dependence of the degradation of BIO-POL ® on the inoculum size, pH, and agitation of the culture was analysed by determination of the loss of weight of polymer sheets during 12 weeks. At the end of the experiments the surface of the polymers of the sterile controls was still glossy, and the loss of weight was small (4.1-5.5%). We assume that this loss was due to diffusion of some of the additives of BIOPOL ®, e.g., glyceroltriacetate, into the medium and conclude that BIO-POL ® was not degraded in sterile medium.
Dependence of BIOPOL ® degradation on the inoculum size
When 0.2, 0.1, 0.02 or 0.01 volumes of aerobic sewage sludge were added as inocula of the liquid media there were no significant differences among the losses of weight. In the range applied the initial concentration of the inoculum does not influence the degradation rate.
Dependence of BIOPOL ® degradation on the pH of the culture medium
The pH of the culture medium influenced the degradation rate of the polymer pieces to a high degree (Fig. 1) . The highest degradation rates were obtained at pH 7.5 and pH 8.0: a weight loss of about 60%, 85% and 100% was measured after 4, 8, and 12 weeks of incubation, respectively, and the turbidity of the culture fluid had increased and indicated cell growth. Microscopic control revealed that bacteria dominated in most of the cultures. Below pH 6 and above pH 9 only less than 10% of the polymer was degraded after 12 weeks, and the increase of turbidity of the culture fluid was only low. Thus, the highest degradation capacity of aerobic sewage sludge is in the light alkaline range. This is in agreement with the usual pH of municipal sewage sludge (pH 7-8) and the pH optima of the PHB depolymerases from Alcaligenes faecalis T 1 (7.5) [6] , Pseudomonas lemoignei (8.0) [7, 10] , Comamonas sp. (9.4) [5] and C. testosteroni (9.5-10) [17] . The only known bacterial PHB depolymerase with an acid pH optimum is that of P. pickettii [11] .
The pH of the sterile controls remained unchanged throughout the experiments. This indicated that a significant uptake of CO 2 did not occur, even at pH 10. However, the pH of the inoculated cultures with pH values of above 7 decreased significantly (Fig. 2) . At pH values of 8 and 8.5 the decrease amounted up to 3 pH units. acid (--2.5 mmol in 20 ml), and since the medium contained only 34 mM phosphate and 50 mM Tris buffer in the cultures at a pH value of 8.0 and above, the decrease of pH is explained. In addition, a release of CO 2 during respiration has to be taken into account. In one culture of the permanently shaken flasks a dramatic decrease of the pH from 8 to 2 after 8 weeks and a complete degradation of the polymer was found. Microscopic control revealed that fungi dominated in this culture. This indicates that fungi also have a high PHA-degrading capacity as it has been shown by [18, 19] .
Dependence of BIOPOL ® degradation on the agitation of the culture fluid
Contrary to our expectation agitation of the culture fluid had relatively little influence on the degradation of BIOPOL ®. A significant effect of agitation on the degradation rate was measured only under alkaline conditions at pH 9.0 and above. The degradation rates in the permanently shaken cultures were significantly higher than that of the non-agitated and daily shaken flasks (Fig. 3) . Since the decrease of pH was about 0.5 to 2 pH units greater in the permanently shaken cultures than in the non-agitated or daily shaken cultures, the higher degradation rates of the permanently shaken cultures may be due to the culture conditions. In the permanently shaken cultures especially the oxygen supply apparently resulted in higher metabolic rates of the organ- lute and relative numbers of PHB-degrading bacteria were determined. To our surprise the number of PHB-degrading bacteria was very high in most ecosystems and varied from 3.8 x 10 3 cells/ml for fresh water sludge to 4.3 × 10 6 cells/g compost. (Table 1) . Almost 10% of aerobic soil-bacteria growing on NB were also able to utilize PHB. The relative number of PHB-degrading bacteria in the other ecosystems was significantly lower and amounted to 0.4% (aerobic sewage sludge), 2.1% (sludge from fresh water), 1.6% (garden-soil) and 0.6% (compost). Similar experiments with poly(3-hydroxyvalerate), PHV, as a carbon source revealed that the number of PHV-degrading bacteria was significantly lower than that of PHB-degrading bacteria and probably reflects the lower occurrence of PHV in the rhizosphere [20] .
Other aspects
As the number of PHB-degrading bacteria in aerobic sewage sludge was slightly lower than in various soils the cell number per unit volume is apparently not the rate-limiting factor of PHA degradation. We assume that multiple factors contribute to the efficiency of aerobic sewage sludge which might be; i) the adaptation of the sewage sludge microflora to mineralization processes, ii) the limitation of carbon in sewage sludge and iii) the alkaline pH of sewage sludge.
